To ensure the frequency stability of a power grid, the settling frequency following a frequency event should be stabilized within the maximum steady-state frequency deviation (SSFD) band. If the frequency is stabilized at a value beyond the maximum SSFD band for high penetrations of variable renewable energy, the frequency cannot be restored to the nominal frequency because automatic generation cannot be activated. This paper proposes a primary frequency control support scheme of a doubly-fed induction generator (DFIG) to improve the settling frequency following an event. In the proposed scheme, if the frequency following an event is stabilized at a value beyond the maximum SSFD band, to reduce the output power of synchronous generators, the output power of a DFIG is instantly increased by a constant and maintained until the frequency increases to within the maximum SSFD band. At the same time, the mechanical input power of the synchronous generators is maintained so that the difference between the mechanical input power and electrical output power of the synchronous generators increases the frequency to a value within the maximum SSFD band. The simulation results demonstrate that the proposed scheme can improve the settling frequency while avoiding additional system defense plans when the settling frequency is stabilized at a value beyond the maximum SSFD band.
I. INTRODUCTION
To ensure the stable operation of an electric power grid, the frequency should be maintained within a certain range following an event. When a frequency event occurs, kinetic energy is intrinsically released from the synchronous generators as an inertial response; then, the frequency keeps decreasing until the power imbalance between generation and load vanishes [1] . If the frequency decreases beyond the governor deadband of the synchronous generators, primary frequency control (PFC) is activated to arrest the frequency decline. The frequency decline is arrested when the imbalance between generation and load vanishes; the arrested frequency is called the frequency nadir (f nadir ).
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Afterward, the frequency rebounds and is stabilized; this is called the settling frequency (f set ). f set , however, is less than the nominal value (f 0 ) because PFC is based on proportional control [2] . To restore f set to f 0 , a secondary frequency control (SFC) scheme, automatic generation control (AGC), is activated.
For a power grid that has high penetrations of variable renewable energy (VRE) such as wind and solar energy, the frequency stability can be jeopardized if VRE maintains maximum power point tracking (MPPT) operation following an event [3] - [6] . This is because f nadir and/or f set are lowered. To ensure the frequency stability for high penetrations of VRE, both f nadir and f set should be improved.
To improve f nadir , a number of synthetic inertia control (SIC) schemes of a variable-speed wind turbine generator (WTG) have been reported in the literature [7] - [15] . Prior to an event, a variable-speed WTG performs MPPT operation. When an event occurs, SIC schemes temporarily release the kinetic energy stored in the rotating masses in a WTG to improve f nadir . Schemes relying on the measured system frequency were reported in [7] - [12] ; these schemes provide a slow response. To achieve a rapid response, the authors of [13] - [15] suggested fast SIC that instantly increase the output power upon detecting an event.
SIC schemes are able to improve f nadir but not f set . For high penetrations of VRE, if the frequency is stabilized at a value beyond the maximum steady-state frequency deviation (SSFD) band, the frequency cannot be restored to f 0 because AGC cannot be activated [16] . In this case, to increase f set to a value that is more than f mssd , which is defined as f 0 minus the maximum SSFD in this paper, additional system defense plans should be activated, such as quick-starting generators and interruptible loads [1] , but these require additional operating costs. Little attention has been paid to improve f set even though f set should also be improved for ensuring the frequency stability in a power grid that has high penetrations of VRE.
This paper proposes a PFC support scheme of a doubly-fed induction generator (DFIG) that can improve f set in association with the control of synchronous generators. In the proposed scheme, if the frequency following an event is stabilized at a value less than f mssd , to improve the frequency, a DFIG instantly increases its output power by a constant and maintains it until the frequency increases to a value more than f mssd . During this period, the mechanical input power of the synchronous generators is maintained so that the difference between the mechanical input power and electrical output power of the synchronous generators forces the frequency to increase to a value that more than f mssd , thereby enabling AGC to restore the frequency to f 0 . The efficacy of the proposed scheme is verified under various wind speeds and wind penetration levels in the IEEE 14-bus system based on an EMTP-RV simulator.
II. PRIMARY AND SECONDARY FREQUENCY CONTROL IN A POWER GRID
This section briefly describes the basic principles of PFC and SFC in a power grid to provide the theoretical background of the proposed PFC support scheme. Fig. 1 illustrates the frequency response following an event. If an event occurs, to arrest and stabilize the declining frequency, the online synchronous generators participating in PFC autonomously release PFC reserve based on the droop characteristics of the governor [17] . As a result, the frequency is stabilized at f set , which is a value less than f 0 . To restore f set to f 0 , the transmission system operator activates AGC, allowing the synchronous generators participating in SFC to release SFC reserve.
To describe the behavior of the system frequency (ω = 2π f ), the swing equation of an overall power grid neglecting losses can be represented as:
where J is the total inertia of the system, and ω 0 is the nominal frequency; and P m and P e are the total mechanical input power and total electrical output power of all synchronous generators in a power grid, respectively. Prior to an event, the mismatch between P m and P e , which is generally caused by the load variation, is small, and thus the frequency deviation is relatively small. In this stage, the frequency can be maintained within a narrow band through frequency regulation schemes in a power grid, which is operated in association with AGC.
At the instant of an event, the significant mismatch between P m and P e corresponding to the output power of the tripped generator is applied to the synchronous generators, thereby starting the frequency decline. When the frequency deviation exceeds the governor deadband of synchronous generators (f DB ), each synchronous generator participating in PFC starts increasing P m based on its droop characteristics. As time goes on, dω/dt decreases because P m gradually increases with increases in the frequency deviation. The frequency decline is arrested at f nadir when the mismatch between P m and P e vanishes. During this stage, if the frequency decreases to a value less than f mssd , AGC is disabled. Afterward, the frequency rebounds and is stabilized at f set . Note that f set cannot be restored to f 0 by PFC action only because the proportional control used for PFC intrinsically causes a steady-state error. Thus, f set should be more than f mssd so that AGC is reactivated to restore the frequency to f 0 . Otherwise, the frequency cannot be restored to f 0 , and thus additional system defense plans are required, such as quick-starting generators and interruptible loads to increase f set to more than f mssd . Fig. 2 illustrates the simplified power-frequency (P m -f ) characteristic of an overall power grid while performing PFC. The slope between (f mssd , P m1 ) and (f DB , P m0 ), which is called the frequency response (β) in MW/0.1 Hz [17] , can be obtained from the P m -f characteristic of each synchronous generator participating in PFC by using:
where R i and S i are the droop coefficient in percentage and installed capacity of the i-th synchronous generator participating in PFC, respectively. Note that β depends on the number, capacity, and R i of the synchronous generators participating in PFC. In addition, the amount of PFC reserve is set to be the size of the reference event in the corresponding power grid. Thus, if the reference incident occurs and PFC reserve is fully deployed, the frequency is stabilized at f mssd . Thus, as a result of PFC, the frequency is generally stabilized at a value between f DB and f mssd because the size of an event is less than the reference incident. If load damping is considered following an event, f set becomes more than it is when the load remains the same after an event.
For high penetrations of VRE, β and/or PFC reserve might decrease if the number of generators participating in PFC decreases and/or PFC reserve from VRE is not fully deployed. In this case, f set is stabilized at a value that is less than f mssd depending on the decrease in β and deployed PFC reserve. This results in activating the additional system defense plan, thereby increasing operating costs.
III. PROPOSED PFC SUPPORT SCHEME TO IMPROVE THE SETTLING FREQUENCY
The proposed PFC support scheme aims to increase f set to a value that is more than f mssd while avoiding additional system defense plans if f set is stabilized at a value less than f mssd . When the frequency is stabilized, dω/dt equals zero; this means that P m equals P e . Thus, to increase f set to more than f mssd , the differential power between P m and P e should be applied to synchronous generators (refer to (1)).
In this paper, to obtain the differential power that should be applied to the synchronous generators, a DFIG instantly increases its output power by a constant ( P) and maintains it until f set increases to more than f mssd , which is denoted as T in Fig.3 (a). Fig. 3 (b) illustrates the dynamic behavior of ω r while performing the proposed control scheme. Until the frequency is stabilized (t < t 0 ), P ref in the proposed scheme equals P MPPT . As soon as the frequency is stabilized or a command signal for activation is received from a power grid operator, P ref instantly increases P and this value is maintained during the period of T (see Fig. 3(a) ). This indicates that the operating point of a WTG moves upward from Point A to Point B in Fig. 3 the electrical output power of a WTG is larger than the mechanical input power and thus ω r keeps decreasing until it reaches Point C. At Point C, P ref instantly decreases from Point C to Point D, where the electrical output power of a WTG is the same as the mechanical input power of a WTG (P m (ω r (t 0 + T ))); thus, ω r stops decreasing. Note that P ref at Point D is slightly smaller than P ref at Point A. P and T in Fig. 3 can be determined depending on J . Thus, a DFIG can release part of the kinetic energy stored in the rotating masses to improve f set .
As a result of the increase in the output power of a DFIG, the value of P e instantly decreases from P 0 to P 0 − P to meet the total load (see P e in Fig. 4 ). From t 0 to t 0 + T , the differential power between P m and P e keeps increasing the frequency. At t = t 0 + T , P e instantly increases from P 0 − P to P e (t 0 + T ), which is slightly larger than P 0 . P m consists of the output signal of the governor (P gov ) and the output signal of AGC (P AGC ) as in (see Fig. 5 ):
As the frequency increases, the frequency deviation decreases, thereby decreasing P gov . As a result, P m decreases until P m reaches P e . In this case, the frequency stops increasing. To avoid this, in the proposed scheme, P gov is maintained VOLUME 8, 2020 during T to maintain P m (see P m in Fig. 4 ). The shaded area between P m and P e in Fig. 4 -which indicates the energy transferred from a DFIG to the synchronous generatorsincreases the frequency to more than f mssd . Thus, AGC can be activated to restore the frequency to f 0 . There are several ways to determine P and T in Fig. 3 . If these parameters are set to a fixed value, difficulties arise in selecting them suitable for various penetration levels and event sizes. Thus, to take account of the total inertia of a power grid (J ), which varies with the penetration level of VRE, P is determined from (1) so that the increase rate of frequency becomes 20 mHz/s, which is set based on the various simulation results in the model system. Special attention should be paid to select P; a large value of P causes the frequency fluctuation after disabling the proposed scheme, whereas a small value of P delays the frequency restoration to f 0 . In addition, to select T suitable for various system and event conditions, the proposed scheme applies P until the frequency reaches a target frequency, which is higher than f mssd and is set to 59.6 Hz in this paper. In other words, the proposed scheme selects the target frequency instead of T . The target frequency is set based on the various simulation results in the model system as in P. A high value of the target frequency can cause the severe frequency fluctuation after disabling the proposed scheme, whereas a small value of the target frequency can decrease the frequency again to a value smaller than f mssd after the proposed scheme is disabled, thereby delaying the frequency restoration to f 0 .
In power grids with higher penetrations of wind, f set can be much less than f mssd . Thus, we can assume that each WTG should release a large amount of kinetic energy to increase f set , thereby causing overdeceleration. However, for a higher penetration of WTGs, because the required kinetic energy to increase f set can be shared by all WTGs to a power grid, each WTG can release less kinetic energy, thereby preventing overdeceleration. Therefore, the proposed scheme can perform even better with a larger amount of kinetic energy. Fig. 6(a) shows the configuration of a DFIG, which includes a wind turbine, gearbox, induction generator, back-to-back converters, and control system. To represent the mechanical dynamics of the wind turbine and generator, a two-mass-shaft model is used, as in [18] . The fifth-order model with voltage and flux equations in the dq synchronous reference frame is used for the induction generator. The DFIG control system consists of a rotor-side converter (RSC) controller, grid-side converter (GSC) controller, and pitch-angle controller. An RSC controls the active power and reactive power supplied to a power grid; the active power control loop includes the MPPT control loop (see Fig 6(b) ).
IV. DFIG-BASED WIND TURBINE GENERATOR
The reference for MPPT operation (P MPPT ) is represented by (4), as in [19] :
where k g is set to 0.512 in this paper, and ω r is the rotor speed of the DFIG.
A GSC controls the DC-link voltage and requested reactive power, as shown in Fig. 6(c) . In addition, to prevent ω r from exceeding the maximum ω r operating limit, a pitch-angle controller is used.
The cut-in, cut-out, rated wind speeds are 4 m/s, 25 m/s, and 11 m/s, respectively. The stable operating range of ω r is from 0.70 p.u. to 1.25 p.u.
V. CASE STUDIES
The modified IEEE 14-bus system is used to verify the performance of the proposed frequency stability support scheme of a DFIG using an EMTP-RV simulator, as shown in Fig. 7 and Table 1 . The original IEEE 14-bus system includes five synchronous generators, whereas the modified IEEE 14-bus system includes three or four synchronous generators and one aggregated DFIG-based wind power plant (WPP) to reflect the high penetration level of VRE. Buses 1 to 5 are 132 kV, and buses 6 to 14 are 33 kV. In addition, the model system includes eleven loads, and the total load is set to 297 MW and 75 MVAr.
All synchronous generators in the model system are assumed to be steam turbine generators that use the IEEEG1 steam governor model with a tandem-compound, single-reheat turbine [20] . Fig. 8 and Table 2 show the IEEEG1 steam governor model and its parameters, respectively. The droop setting in the governor response was set to 3.33%, and thus β in the original IEEE 14-bus system is set to 25 MW/0.1 Hz. The reference incident is set to 120 MW, which is the capacity of the largest synchronous generator (SG 1 ) in the model system. The deadband of the governor for the synchronous generators is set to 20 mHz and fmssd is set to 59.5 Hz. In this paper, the voltage-dependent constant impedance model is used for the loads at the buses, and Table 3 shows the initial load consumptions at the buses. Fig. 9 shows the functional diagram of AGC used in the model system, as in [21] . To remove the frequency error, f p.u. is passed through an integral controller. Afterward, P ref (p.u.) is distributed to individual synchronous generators every 4 s. B and K i are set to 20 and 0.0168, respectively, which are the settings in Korea's power grid.
The performance of the proposed PFC support scheme is investigated under the scenarios by varying wind speed, size of an event, and wind penetration level. The wind penetration level in this paper is defined as the installed capacity of a WPP divided by the total load [22] . As a frequency event, SG 2 is tripped at 10.0s. Table 4 shows the output power of the synchronous generators and the WPP for all cases prior to an event. For Cases 1-5, SG 4 is replaced by the WPP of 60 MW; for Case 6, SG 3 and SG 4 are replaced by the WPP of 180 MW. Table 5 shows P in the proposed scheme obtained from (1) . In all cases in this paper, the proposed scheme is activated 60 s after an event to provide the clear comparison results between the cases; however, the proposed scheme can be alternatively activated when the frequency is stabilized.
A. EFFECTS OF WIND SPEEDS
The performance of the proposed scheme can be affected by the stored energy in a DFIG, which corresponds to the wind speed. This is because the proposed scheme releases the stored kinetic energy from a DFIG. Thus, this subsection describes the investigation results for wind speeds of 9 m/s and 7 m/s. Fig. 10 , which means the results in the original IEEE 14-bus system, the frequency is stabilized at 59.562 Hz 15.8 s after an event and then is restoring to f 0 . However, for MPPT operation, the frequency is stabilized at 59.475 Hz at 22.1 s after an event; this value is maintained because AGC is not activated. The reason for this is as follows. If β and the load consumption are unchanged after the event, f set is expected to be 59.620 Hz, which is obtained as 60.0 -90·0.1/25 -0.02 Hz. After the event, however, β is changed from 25 MW/0.1 Hz to 15 MW/0.1 Hz because SG 2 is tripped and SG 4 is out of service (see Table 4 ). In addition, the load consumption is reduced from 288.9 MW to 274.0 MW. Thus, f set is further reduced to 59.475 Hz.
The proposed scheme starts at 70.0 s. The DFIG instantly increases its output power by 0.750 MW at 70.0 s. As a result, P e decreases by 0.750 MW to meet the load. To apply the constant differential power to the synchronous generators, P gov is maintained so that P m is also maintained. Thus, the differential power increases the frequency at a rate of 20 mHz/s because P of a DFIG is set to 0.0125 p.u. Note that in Fig. 10(d) the difference between P m and P e prior to the event is the power loss. At 76.0 s, when the frequency reaches 59.6 Hz (target frequency), the DFIG instantly reduces its output to the original value. During the interval from 70.0 s to76.0 s, the DFIG releases part of the stored energy, and thus the rotor speed decreases from 1.014 p.u. to 1.006 p.u. (see Fig. 10(e) ).
Although the value of P gov is maintained from 70.0 s to 76.0 s, P m increases from 74.0 s because of the AGC activation. In addition, at 76.0 s, P gov might decrease because of the increase in the frequency, thereby reducing P m . In this case, the frequency might decrease again to less than f mssd unless there is enough time for AGC to increase the frequency. Thus, in the proposed scheme P gov is smoothly returned to the original P gov (see Fig. 10(d) ).
The proposed scheme operates for 156.0 s. From 226.0 s, only AGC action gradually increases the frequency to f 0 . From 74.0 s, P m fluctuates because of the dynamic response of the steam turbine; in addition, ripples are shown in P m because P AGC , which is issued every 4 s, is maintained for 4 s. Fig. 11 shows the results for Case 2. The output power of the WPP decreases, whereas the output powers of the synchronous generators increase (see Table 4 ). After the event, β is 15 MW/0.1 Hz, as in Case 1, because the number and capacity of the synchronous generators are the same. The load consumption is changed from 287.2 MW to 272.0 MW. As a result, f set is 59. 477 Hz, which is similar to that in Case 1. The output power of DFIG is instantly increased by 0.750 MW at 70.0 s, as in Case 1; thus, P e is reduced by 0.750 MW, and P gov is maintained. The output power of the DFIG returns to its original value at 76.0 s. As a result, the frequency successfully increases to more than f mssd so that AGC is activated.
The releasable energy of the DFIG in Case 1 and Case 2 are 2.695 s and 0.669 s, respectively. The proposed scheme releases 0.081 s in Case 1 and 0.080 s in Case 2, which is 3.0% and 12.0% of the releasable energy, respectively. The results in Cases 1 and 2 indicate that the proposed scheme can improve the settling frequency to more than the f mssd in various wind speeds without additional system defense plans.
B. EFFECTS OF VARYING WIND SPEEDS
Continuously varying wind speeds can affect the proposed control because it changes the stored kinetic energy and output power of the DFIG. Thus, this subsection describes the investigation results for continuously varying wind speeds with the average wind speed of 7 m/s. Fig. 12 shows the results for Case 3, in which the average wind speed is the same as in Case 2. After the event, β in Case 3 is 15 MW/0.1 Hz. The load consumption is changed from 287.1 MW to 271.7 MW. As a result, f set is 59.473 Hz, which is similar to that in Case 2. The output power of the DFIG is instantly increased by 0.750 MW at 70.0 s, as in Case 2 (see Fig. 12(d) ); thus, P e is reduced by 0.750 MW, and P gov is maintained (see Fig. 12(e) ). The output power of the DFIG returns to its original value at 76.2 s. In this case, although the system frequency fluctuates more severely than it does in Case 2 after disabling the proposed scheme, the frequency successfully increases to more than f mssd so that AGC is activated (see Figs. 12(b) and 12(c) ). During this interval, the rotor speed decreases from 0.785 p.u. to 0.776 p.u. (see Fig.12(f) ).
C. EFFECTS OF SIZES OF EVENT
The settling frequency depends on the size of an event. Thus, this subsection describes the investigation results for events of 100 MW and 110 MW. Fig. 13 shows the results for Case 4 and Case 5, which are the same as Case 2 except for the size of an event. For 'w/o WPP' in Case 4, the frequency is stabilized at 59.507 Hz 16.0 s after the event and then is restored to f 0 (see Fig. 13(a) ). After the event, β in Case 4 with a WPP is 15 MW/0.1 Hz, as in the previous cases. The size of the event is 100 MW, which is 10 MW larger than it is in the previous cases. In addition, the load consumption is changed from 287.2 MW to 271.9 MW. Thus, the frequency is stabilized at 59.408 Hz 21.8 s after the event (see Figs. 13(b) and 13(c) ), which is 0.069 Hz less than it is in Case 2.
As in the previous cases, the proposed scheme starts at 70.0 s. The output power of the DFIG is instantly increased by 0.750 MW (see Fig. 13(d) ), and thus P e is reduced by 0.750 MW while maintaining P gov . The frequency increases at the rate of 20 mHz/s. The output power of the DFIG returns to its original value at 79.4 s. It takes more time to reach 59.6 Hz than it does in Case 2 because f set is lower. During this interval, the DFIG releases more energy than it does in Case 2, and thus the rotor speed decreases from 0.790 p.u. to 0.774 p.u. (see Fig. 13(e) ). This is because the DFIG releases energy for a longer time than it does in Case 2.
2) CASE 5: WIND PENETRATION LEVEL = 20%, WIND SPEED = 7 m/s, AND SG 2 TRIP = 110 MW For 'w/o WPP' in Case 5, the frequency is stabilized at 59.483 Hz 20.2 s after the event but is not restored to f 0 (see Fig. 13(a) ). The frequency in Case 5 with a WPP is stabilized at 59.340 Hz 22.4 s after the event, which is less than in Case 4 by 0.068 Hz. This is because the event is 10 MW larger than in Case 4 though β and the load reduction are the same.
The DFIG instantly increases its output power by 0.750 MW at 70.0 s and decreases at 82.6 s (see Fig. 13(d) ). It takes more time to reach 59.6 Hz than it does in Case 2 and Case 4 because f set is lower. In this case, the DFIG releases more energy, and thus the rotor speed decreases to 0.768 p.u., which is 0.006 p.u. less than in Case 4 (see Fig. 13 (e)).
The results in Case 4 and Case 5 clearly demonstrate that the proposed scheme successfully increases the frequency, even for the larger events, so that AGC can be activated.
D. EFFECTS OF WIND PENETRATION LEVELS
The performance of the proposed scheme depends on the wind penetration level. As the wind penetration level increases, β decreases, thereby further reducing the settling frequency. Thus, this subsection describes the investigation results with the wind penetration level of 60%. , which is the same as Case 5 except for the wind penetration level of 60%. In this case, to simulate the wind penetration of 60%, SG 3 and SG 4 are out of service, and the installed capacity of the WPP increases from 60 MW to 180 MW (see Table 4 ). After the event, β is decreased from 15 MW/0.1 Hz to 9.5 MW/0.1 Hz, which is smaller than the previous cases by 5.5 MW/0.1 Hz (see Table 6 ). In addition, the load consumption is decreased from 276.6 MW to 237.7 MW. Thus, f set is 59.208 Hz at 28.1 s, which is less than it is in Case 5 by 0.132 Hz (see Figs. 14(a) and 14(b) ).
In the proposed scheme, the DFIG instantly increases its output power by 0.432 MW, which is smaller than it is in Case 5 by 0.318 MW, at 70.0 s (see Fig. 14(c) ). This is because J in (1) in Case 6 is smaller than in the previous cases because of the reduced number and installed capacity of the synchronous generators; as a result, the required P to increase the frequency at the rate of 20 mHz/s is smaller (refer to (1) ). When the frequency reaches 59.6 Hz at 88.3 s, the DFIG instantly reduces its output to the original value. It takes more time, 5.7 s, to reach 59.6 Hz than it does in Case 5 because f set is lower. During this interval, the rotor speed decreases by 0.006 p.u., from 0.789 p.u. to 0.783 p.u. (see Fig. 14(d) ); this value is higher than it is in Case 5. This is because a higher wind penetration level indicates that a power grid has more releasable energy, and thus less energy is released from the DFIG for an event of the same size. Table 6 summarizes the numerical results for the six cases in this paper in terms of β after the event, f set , P, time to f mssd , and normalized released energy. From the case studies, it is proved that the proposed scheme successfully increases the settling frequency at a low wind speed even with a severe event for AGC activation. Further, in a higher wind penetration level, the proposed scheme can release less energy from DFIG to increase the settling frequency.
VI. CONCLUSION
This paper proposes a frequency stability support scheme for a DFIG to improve the settling frequency in association with the control of synchronous generators. In the proposed scheme, if the frequency is stabilized at a value beyond the maximum SSFD band, a DFIG instantly increases the output power by a constant and maintains this value until the frequency increases to within the maximum SSFD band. At the same time, the mechanical input power of synchronous generators is maintained so that the difference between the input power and output power of the synchronous generators can increase the frequency.
The various simulation results clearly demonstrate that the proposed scheme is able to improve the settling frequency for AGC activation when the frequency is stabilized to a value beyond the maximum SSFD band while avoiding additional system defense plans under various scenarios, such as wind speed, event size, and wind penetration level. The advantages of the proposed scheme are that it enables to support PFC by improving the settling frequency for AGC activation without additional system defense plans. In addition, for higher wind penetration levels, part of WTGs can be used to improve the settling frequency while SIC schemes can be implemented in the rest of WTGs depending on grid conditions. Therefore, the scheme helps provide a promising solution to ancillary services, such as supporting PFC in a power grid that has high penetrations of VRE. However, to successfully participate in improving the settling frequency, WTGs should keep the minimum kinetic energy to be released. In addition, the proposed scheme requires a monitoring system of the available kinetic energy in a grid level that can be released to improve the settling frequency. Further, the control parameters suitable for various system conditions and event sizes should be set through comprehensive studies.
